Cross correlations of the fluctuating wall-shear stress and the streamwise velocity in the logarithmic region of turbulent boundary layers are reported over 3 orders of magnitude change in Reynolds number. These results are obtained using hot-film and hot-wire anemometry in a wind tunnel facility, and sonic anemometers and a purpose-built wall-shear stress sensor in the near-neutral atmospheric surface layer on the salt flats of Utah's western desert. The direct measurement of fluctuating wall-shear stress in the atmospheric surface layer has not been available before. Structure inclination angles are inferred from the cross correlation results and are found to be invariant over the large range of Reynolds number. The findings justify the prior use of low Reynolds number experiments for obtaining structure angles for nearwall models in the large-eddy simulation of atmospheric surface layer flows. DOI: 10.1103/PhysRevLett.99.114504 PACS numbers: 47.27.Jv, 92.60.Fm Skin friction drag on aircraft and other vehicles and the performance of many aerodynamic and hydrodynamic components rely on the behavior of the wall-bounded region of turbulence adjacent to the surface. How this turbulent boundary layer behaves at large Reynolds numbers is still a matter for debate in the scientific community [1] . This is of considerable importance since many flows in practical applications are at high Reynolds number, while most laboratory experimental facilities are restricted to 2 -3 orders of magnitude lower Reynolds number. Purpose-built facilities have been constructed to achieve high Reynolds numbers, such as the Princeton superpipe [2] or using cryogenics [3] . However, while much has been learned from these facilities, high Reynolds numbers are obtained by using fluids with low kinematic viscosity. Consequently, access to, and measurements of, the nearwall region and the lower portion of the logarithmic region are restricted because of the very small viscous length scales involved.
Skin friction drag on aircraft and other vehicles and the performance of many aerodynamic and hydrodynamic components rely on the behavior of the wall-bounded region of turbulence adjacent to the surface. How this turbulent boundary layer behaves at large Reynolds numbers is still a matter for debate in the scientific community [1] . This is of considerable importance since many flows in practical applications are at high Reynolds number, while most laboratory experimental facilities are restricted to 2 -3 orders of magnitude lower Reynolds number. Purpose-built facilities have been constructed to achieve high Reynolds numbers, such as the Princeton superpipe [2] or using cryogenics [3] . However, while much has been learned from these facilities, high Reynolds numbers are obtained by using fluids with low kinematic viscosity. Consequently, access to, and measurements of, the nearwall region and the lower portion of the logarithmic region are restricted because of the very small viscous length scales involved.
An alternative approach to achieving high Reynolds numbers, under incompressible conditions, is to use large length scales. Here we adopt this strategy and obtain high Reynolds numbers by conducting experiments in the lower portion of the atmospheric surface layer (ASL) at the Surface Layer Turbulence and Environmental Science Test (SLTEST) facility in western Utah. The SLTEST facility is located on extremely flat and barren salt flats that extend over 240 km north to south and 48 km east to west. Under carefully monitored neutrally buoyant conditions, the SLTEST has been successfully used by a number of investigators [4 -10] to study near-wall turbulence physics, near-wall models for large-eddy simulations, and other boundary layer phenomena.
One parameter, which is of fundamental importance to turbulent boundary layer theory, is the time-varying wallshear stress, and to date no previous measurements of this quantity have been available at high Reynolds numbers.
Here we report measurements of fluctuating wall-shear stress measurements in the ASL using a purpose-built sensor for the SLTEST site. From these measurements we obtain cross correlations of streamwise fluctuating wall-shear stress , with u, the fluctuating component of streamwise velocity for different wall-normal positions in the logarithmic region of the turbulent boundary layer. The cross correlation is defined as
where t is time delay and angle brackets indicate longtime averages. This is a fundamental parameter that has been extensively documented in laboratory facilities. Brown and Thomas [11] used a hot-film wall-shear stress sensor in conjunction with a wall-normal array of four hot wires, above the shear-stress sensor, to measure fluctuating velocities. They found that the measured cross correlations supported the hypothesis that an organized structure exists in the boundary layer, and the structure is at an oblique angle to the free stream. Knowledge of this inclination angle has been used to develop models of the near-wall region for large-eddy simulations of turbulent boundary layers [12, 13] . Here we define as
where z is the wall-normal position (where velocity is measured) and x is the spatial delay corresponding to a peak in R u . Here we have converted from time to space using Taylor's hypothesis of frozen turbulence. That is, x Ut, where the convection velocity U is taken to be the mean velocity at the corresponding wall-normal position.
We report the results from two separate experiments that span 3 orders of magnitude change in Reynolds number. The first experiment was conducted at the University of Minnesota in a boundary layer wind tunnel with a 4 m long working section, using surface hot-film and hot-wire anemometry for the and u measurements, respectively. Full details of the experimental procedures and apparatus are given in Refs. [13, 14] . The second experiment was conducted at the SLTEST site in Utah using a wall-normal array of five sonic anemometers. The anemometers are Campbell Scientific CSAT3 and measure all three components of velocity. The wall-shear stress was simultaneously measured using a custom-made sensor, shown schematically in Fig. 1 . The sensor was flush mounted into the salt flats playa and measures the two components of wall-shear stress by using a duolateral photodiode detector to monitor the deflection of a laser beam reflected from a 50 mm diameter floating element, which is suspended by four thin support wires. This enables accurate measurement of the small forces that are encountered during the ASL measurements [O100 N]. Full details of the sensor and its calibration procedure are given in Ref. [15] .
The ASL measurements were conducted on May 24, 2004. Table I gives the wall-normal positions and measured mean velocities for each of the sonics. The friction velocity U (velocity based on mean wall-shear stress [16] ) was 0:28 m=s. The conditions were nominally neutrally buoyant with the Monin-Obukov length L equal to 129 m giving a stability parameter [16] at the top positioned sonic of z=L ÿ0:02. The top of the surface layer was estimated to be 100 m (based on previous mini-Sodar measurements) and we use this as an equivalent boundary layer thickness . Figure 2 shows a sample 25 s record of simultaneously sampled fluctuating wall-shear stress from the new sensor and fluctuating velocities from the five sonic anemometers. A high degree of correlation is observed, at least, for the first wall-normal position u and . The resulting cross correlations, from data acquired over 2400 s and sampled at 50 Hz, are shown in Fig. 3 . Also shown in the figure are the wind tunnel results for friction Reynolds number Re 1350. (Re U = where is kinematic viscosity.) All profiles correspond to velocity measurements nominally in the logarithmic region of the boundary layer. Significantly higher levels of cross correlations are observed for the ASL but they appear to be consistent with scaling, that is, with the changing level of z= from the wind tunnel to ASL range. Tests were made of the validity of the cross correlation results due to the finite sampling time and sampling volume of the sonics. For example, the sonics measure velocities over a spatial dimension of 0.1 m and hence an effective low-pass filtering is taking place. To test for these effects we use the results from a separate experiment conducted in 2005 where u time series were measured in the ASL using hot wires with 1 mm sensing lengths, and sampled for 900 s at 10 kHz sampling rate. The hot wires were positioned at z 0:12 and 1.15 m, respectively. Down sampling these data to mimic the 50 Hz response of the sonics showed negligible effect (within the accuracy of the measurements). Figure 4 shows the effect of varying sampling volume on the cross correlations between the two fluctuating velocities. Here the two u signals were filtered by performing a convolution with FIG. 1 (color online) . Schematic of wall-shear stress sensor (taken from [15] ). The sensor is encapsulated and buried, with the top surface of the sensor flush with the salt flats. . Therefore, within the small scatter of the results, the experiments show strong support for invariance of the structure inclination angle over 3 orders of magnitude change in Reynolds number.
The invariance of is good news for workers who have relied on laboratory scale measurements to determine what inclination angle to use in wall-layer models for large-eddy simulations of atmospheric boundary layers [18, 19] . Prior investigations have been done in the ASL using wallnormal arrays of sonic anemometers, but they have relied on inferred wall-shear stress and not on direct measure- in the near-surface region of the marine atmospheric surface layer. While these results agree well with the present study, some caution is required if using velocity measurements alone as there is likely to be a dependence on the actual locations of probes used. To demonstrate this, Fig. 6 shows a comparison between cross correlations R u and that inferred using the u 1 signal for the wall shear stress (R u 1 u ). The differences between the estimates of inferred structure angle and peak level of cross correlation are given in Table II . The lowest sonic results (z 0:50 m) show significant differences in the peak values and structure angles between R u and R u 1 u (38% and 91%, respectively), while for the highest sonic (z 2:93 m) the profiles agree somewhat better with the peak cross correlation overestimated by 7% for R u 1 u , and an inclination angle from R u 1 u underestimated by 25%. Table III shows how the inferred structure angle varies for cross correlations based on the u signals from the first four sonics and the fifth highest sonic. A significant variation is observed, with higher angles inferred when the sonics are closely spaced. This again indicates that caution is needed when inferring from R uu results. The results in Table III are also consistent with a scenario where closedspaced sensors likely better reflect the local inclination angle of individual structures while sonics that are far apart will average across a larger range of different scaled structures. These results are consistent with the prior studies in laboratory turbulent boundary layers [21] that indicate the average coherent structure in the logarithmic region has a low inclination angle (akin to a ramp) but to be made up of an organized array, or packet, of individual vortex structures (or attached eddies) [22 -24] . 
